Purpose of Review Alcohol use disorders (AUDs) are chronic relapsing disorders with the modest efficacy of current medications. The US Food and Drug Administration (FDA) and Japanese Pharmaceuticals and Medical Devices Agency (PMDA) approval of the dual orexin (OX) receptor antagonist, suvorexant for the treatment of insomnia, may enable repurposing of this drug for the treatment of other diseases. Here, we summarize and reflect on the most recent research on the role of OX neurons in alcohol use and abuse. Recent Findings OX neurons regulate alcohol intake and seeking, although their involvement in different aspects of alcohol consumption/seeking, specific loci of action and interactions with other transmitter systems are still being clarified. Summary Recent studies have identified anatomic loci of action and interactions between OX and other neuropeptides that drive alcohol seeking. Future studies are required to fully elucidate these behaviors, in which optogenetic and chemogenetic approaches may prove useful.
Introduction
Alcohol use disorders (AUDs) are amongst the most common and devastating diseases in the world. Excessive alcohol use is the third leading risk factor for disease [1] and has physiological, psychological and social consequences on millions of individuals. AUDs have an annual prevalence of~10 % and account for approximately 3.8 % of deaths and 4.6 % of disease and injury burden in developed countries [2] . Current pharmacological treatment of AUDs mostly involves altering the reinforcing effects of alcohol use. Three medications have been approved by the US Food and Drug Administration (FDA) specifically for the treatment of alcoholism: disulfiram (Antabuse™), naltrexone (ReVia™) and acamprosate (Campral™) . The effectiveness of all three treatments suffers pitfalls including limited efficacy, poor patient compliance and high relapse rates [3] [4] [5] . While new strategies and development of potential treatments for AUDs are ongoing, recent research has moved to a more efficient and economically feasible approach for drug development: the repurposing of other FDA approved drugs. Some examples include nalmefene, gabapentin, topiramate, baclofen, levetiracetam, quetiapine, aripiprazole and serotonin reuptake inhibitors (for full review see [6] ). The orexin/hypocretin (OX) system presents a novel potential therapeutic target for preventing relapse to AUDs, with the recent FDA and Pharmaceuticals and Medical Devices Agency (PMDA) approval of the dual OX receptor antagonist (DORA) suvorexant (Belsomra™) for the treatment of insomnia. Suvorexant is currently involved in multiple stage 3/4 clinical trials examining efficacy in sleep disorders, panic disorder, major depressive disorder, bipolar disorder, stress and cocaine use (https://clinicaltrials.gov). Other potential DORAs and single OX receptor antagonists (SORAs) are also in preclinical and clinical development and provide potential for the treatment of AUDs [7] .
The hypothalamic OX neuropeptides were discovered and published independently in 1998 by two research groups [8, 9] . The OX system consists of two neuropeptides produced via enzymatic cleavage from prepro-OX, OX-A and OX-B and the two G-protein coupled receptors, the OX 1 and OX 2 receptors [10] . OX-A and OX-B are synthesized and produced exclusively in the dorsomedial (DMH), perifornical (PeF) and lateral (LH) regions of the hypothalamus. OX-A is a 33 amino-acid peptide, which binds and activates both OX 1 and OX 2 receptors with similar potencies, whereas OX-B, a 28 amino-acid peptide, is selective for OX 2 receptors [10, 11] . OX 1 and OX 2 receptors differ somewhat in their central expression profiles, and both subtypes can interact with G q , G s and G i/o [12] . OX neurons innervate regions implicated in arousal and drug abuse [13] [14] [15] , suggesting a role for the OX system in reward seeking. In 2005, the Aston-Jones Laboratory provided such evidence by demonstrating that reinstatement of morphine place preference could be attenuated with a selective OX 1 receptor antagonist [16] . These findings were expanded to voluntary drug self-administration, whereby central infusions of OX increased reinstatement of cocaine seeking in rats [17] , while Lawrence et al. [18] provided the first evidence linking the OX system to alcohol selfadministration and cue-induced reinstatement of alcohol seeking [18] . Recent research in the field of OX neurobiology and pharmacology has given novel insights into the interaction of OX neurons with other systems in regulating alcohol-related behaviors. The utilization of small molecules (e.g. DORAs and SORAs) with different selectivity profiles targeting specific brain loci has broadened our understanding of the complexity of the OX system. This review focuses on recent research and discoveries made in the field of OX and alcohol abuse within the last 3 years (2014-2016).
Role of Orexin Peptides in Alcohol Intake
Orexigenic neuropeptides, such as OX, galanin (GAL) and enkephalin (ENK), generally promote alcohol drinking, although they may influence different aspects of this behavior. When injected into the paraventricular nucleus (PVN), OX (0.9 nmol), GAL (1.0 nmol) and the ENK analog D-Ala 2 -met-enkephalinamide (DALA) (14.2 nmol) stimulated alcohol intake; however, their drinking patterns varied [19] . OX increased the number of drinking bouts within the first hour but did not influence the size or duration of the bout. GAL increased the size of drinking bouts, but not the number or duration while DALA increased both size and duration of bouts, but not the number. No change in food or water consumption was observed, showing these influences were solely on alcohol consumption under the experimental conditions employed. Therefore, the OX system may play a more important role in initiating alcohol drinking responses, while GAL and ENK act to sustain an already established drinking response. This could partly explain the efficacy of OX antagonists in preventing reinstatement of alcohol seeking and provide further support for targeting the OX system to prevent relapse.
Role of Alcohol in Orexin System Expression/Activation
Studies examining the role of alcohol consumption on hypothalamic OX activation and expression are ongoing. Moorman et al. [20] comprehensively examined the activation of OX neurons in male Sprague Dawley (SD) rats following different alcohol-seeking paradigms: home-cage seeking, ABA renewal and cue-induced relapse [20] . Home-cage alcohol seeking led to an increase in OX neuron activation in all subregions, and OX/Fos double labeling was correlated with alcohol preference and number of alcohol bottle licks in the PeF and LH, but not the DMH, suggesting that even when the more complex cognitive processes required in other alcoholseeking behaviors (such as cue-or context-induced reinstatement) are minimized, and no alcohol is consumed, OX activation still correlates with alcohol preference and seeking. In the ABA renewal model, animals are trained to self-administer a drug in one environment (A), the behaviors are extinguished in a different environment (B), and responding is reinstated when animals are placed back into the original environment (A). This models context-dependent relapse-like behavior. In agreement with previous studies [21] , a correlation between active lever responding during ABA renewal and the percentage of OX/Fos double labeling was observed in the DMH and LH but not PeF. Interestingly, although cue-induced reinstatement led to a robust activation of OX neurons in all subregions of the hypothalamus, no correlation between active lever responses and the percentage of OX/Fos double labeling was observed. In line with this, a recent study in our lab has shown similarly that yohimbine-induced reinstatement of alcohol seeking causes a robust activation of OX neurons compared to alcohol naïve, vehicle-and yohimbine-treated alcohol-preferring (iP) rats but with no correlation between active lever responses and the percentage of OX/Fos double labeling [22] . Nevertheless, both cue-and yohimbine-induced reinstatement of alcohol seeking can be prevented with systemic administration of an OX 1 receptor antagonist [18, 23] . Overall, a strong relationship between alcohol seeking (in the absence of alcohol availability) and OX neuronal activation is clear. These results highlight the variable impact of specific subregions on alcohol seeking. However, further studies are required to examine the impact of activating specific neuronal ensembles and assessing effects on behavior. Contrastingly, a study examining the effects of OX in the sleep promoting effects of alcohol found a reduction in OX neuronal activation following intragastric alcohol administration in male SD rats [24] . This suggests the direct effects of alcohol on OX neurons may be inhibitory, while the motivational and contextual aspects of alcohol seeking lead to OX activation.
In the study by Kastman et al. [22] , it is also interesting that yohimbine did not itself increase Fos expression in OX neurons. Although a low dose (1 mg/kg, i.p.) was administered, this dose is adequate to induce a robust reinstatement to alcohol and sucrose seeking [25] . Furthermore, although yohimbine does not seem to directly act upon OX neurons to precipitate relapse, systemic administration of the OX 1 receptor antagonist SB-334867 attenuates yohimbine-induced reinstatement [22, 23] . Therefore, yohimbine (at this dose) in combination with the alcohol-related context apparently increases stress reactivity and induces relapse. Indeed, it has been suggested that involvement of OX neurons in stress responses requires an interaction with the environment [26] .
Recent studies have also examined the expression of OX peptide and receptors in the hypothalamus following bingelike alcohol consumption in mice. The drinking in the dark (DID) paradigm, in which water bottles are replaced with alcohol at the beginning of the dark cycle to promote high levels of alcohol consumption, caused a reduction in the number of OX-A positive neurons in the LH following one or three sessions of binge-like alcohol or sucrose consumption. In the PeF, OX-A expression was also reduced following three sessions of alcohol binge-like drinking [27] , suggesting a reduction in the number of OX-A containing neurons immediately following reward consumption. The alteration in OX neuron numbers seems specific to reward consumption, with no differences seen in OX-A neuron number in rats with a past history of chronic alcohol consumption following alcohol seeking (without consumption) [22] .
Another study examined OX messenger RNA (mRNA) expression in the PeF/LH and OX 1 and OX 2 mRNA expression in the paraventricular nucleus of the thalamus (PVT) following the two-bottle choice paradigm. Alcohol consumption led to an increase in OX 2 but not OX 1 receptor mRNA in the PVT and positively correlated with OX mRNA expression in the PeF/LH [28] . However, OX mRNA and peptide expression in the LH do not necessarily correlate. Olney et al. [27] found that in the presence of alcohol, OX mRNA within the LH was increased, while OX peptide expression was decreased. This increase in OX mRNA may be produced in response to OX release [27] . In the LH, four daily DID sessions of saccharin, but not alcohol, reduced OX 1 receptor mRNA expression of C57BL/6J mice [29] . The authors hypothesized that receptor down regulation may act as a protective mechanism, preventing escalating overconsumption, as observed with saccharin consumption. Therefore, an inability to properly reduce OX autoreceptors that might modulate alcohol-induced OX synthesis could actually facilitate vulnerability to overconsumption and binge-like alcohol consumption over time. However, with only a small sample size (n = 3), this requires further elucidation.
Recently, a model of voluntary alcohol intake has been developed in zebrafish [30] . Zebrafish were presented with a gelatin-alcohol mixture and readily consumed stable levels of a 10 or 20 % alcohol-gelatin mixture reaching relevant blood alcohol concentrations (BECs). This model was used to examine alcohol intake on various behaviors including aggression, anxiety and locomotion and furthermore to characterize the effects of OX and GAL on alcohol consumption. Intake of alcohol-gelatin increased locomotion, reduced anxiety and stimulated aggressive behavior while increasing expression of OX and GAL in hypothalamic areas [30] . Furthermore, using this model, they examined the impact of embryonic alcohol exposure on hypothalamic neurogenesis, expression of orexigenic neuropeptides, voluntary alcohol consumption, locomotor behaviors and effects of central OX-A injections on these alcohol-related behaviors [31] . Embryonic alcohol exposure (0.25 and 0.5 %, 2 h) dose-dependently increased hypothalamic neurogenesis of OX neurons and OX expression in the anterior hypothalamus. These changes were accompanied by an increase in voluntary consumption of 10 % alcohol-gelatin and in novelty-induced locomotor and exploratory behavior in adult zebrafish and locomotor activity in larvae. Intra-cerebroventricular (i.c.v.) injection of OX-A stimulated novelty-induced locomotor behavior while also increasing intake of food and alcohol equally. These findings suggest alcohol-induced increases in neurogenesis and expression of OX peptides contribute to the behavioral changes induced by embryonic exposure to alcohol in zebrafish [31] . The similarity of findings in zebrafish and rodent models give validity for this model to be used as a screening tool to investigate genetic manipulations in controlling alcohol intake [30] . The greater genetic control afforded by zebrafish models allows single-gene mutations to be introduced into the OX system to characterize its role in alcohol use in a more refined manner.
Few studies have examined the interaction of OX and alcohol in humans. Recently, a clinical study assessed the blood concentration of OX in 32 male patients with alcohol dependence and 23 healthy males. Alcohol-dependent patients showed increased OX blood concentration compared to the control group at the onset of the study. Furthermore, patients with greater severity of alcohol dependence (Short Alcohol Dependence Data [SADD] score range, 20-45) had a greater OX blood concentration than those with lesser severity of alcohol dependence (SADD score range: 10-19). After 4 weeks of abstinence, OX blood levels were reduced and no different than healthy controls [32] . Therefore, while OX receptors are promising targets in the treatment of alcohol relapse prevention, blood OX concentration may be a useful prognostic marker to determine the risk of alcohol relapse, although replication of the current data are necessary.
These studies have provided further evidence for the involvement of the OX system in alcohol-related behaviors.
OX neurons are activated by a variety of alcohol-seeking behaviors in rats, including home-cage alcohol seeking, cueinduced alcohol reinstatement, ABA renewal and stressinduced alcohol seeking [22, 20] . In contrast, acute alcohol consumption was associated with a decrease in OX neuron activation, showing a distinction between the motivational properties of alcohol seeking and acute alcohol consumption [22, 20, 24] . Indeed, others have hypothesized OX is not specifically involved in reward seeking, or other behaviors, but has a unified underlying role in motivation. Evidence shows that OX role in many behaviors (including reward-associated behaviors) is conditional and dependent on the motivational state of the animal; however, further research is required to further test this theory (for full review see [33] ). The specific involvement of distinct hypothalamic subregions in relation to alcohol seeking is somewhat ambiguous and may differ across behavioral paradigms [22, 20] . The number of OX positive neurons does not appear to be regulated by seeking behaviors [22, 20] but is altered following acute reward consumption and may be specific to the PeF and LH [27] . Furthermore, OX receptor mRNA alterations were seen following alcohol consumption [28] . While a decrease in OX 1 mRNA in the LH may reflect the loss of autoregulation and facilitate excess alcohol consumption, increased OX 2 mRNA in the PVT indicates this may be another brain region where OX regulates alcohol consumption. An issue plaguing the ability to generalize across studies is the discrepancy in boundary definitions between the DMH, PeF and LH, which may contribute to the differences reported in subregion contribution. Further characterization of the neurochemical phenotypes and connectivity of discrete OX subpopulations will help to parse out their distinct roles in alcohol-related behaviors.
Peripheral and Central OX Receptor Targeting
While both OX 1 and OX 2 receptors are involved in alcohol consumption and seeking, their distinct roles in specific alcohol-related behaviors remain somewhat unclear. A recent study comprehensively examined the individual and combined role of these receptors in different alcohol selfadministration paradigms utilizing the OX 1 receptor antagonist, SB-334867, the OX 2 receptor antagonist, LSN2424100, and the DORA almorexant [34] . The behaviors measured were voluntary home-cage alcohol consumption in the twobottle choice paradigm, motivation to seek alcohol in the operant progressive ratio (PR) responding and binge-like alcohol consumption in the DID paradigm. SB-334867 (10 or 30 mg/kg, i.p.) attenuated alcohol consumption in female iP rats in the two-bottle choice paradigm; however, LSN2424100 (10 or 30 mg/kg, i.p.) had no effect. Almorexant (100 mg/kg, i.p.) also attenuated alcohol consumption; however, at this dose, water consumption was also reduced, suggesting non-specific effects. SB-334867 had no effect on PR lever responses for alcohol, alcohol selfadministration or breakpoint; however, LSN2424100 (30 mg/kg, i.p.) reduced active lever responses, alcohol selfadministration and breakpoint. Almorexant (10, 30 and 60 mg/kg, i.p.) also reduced active lever responses in alcohol self-administration and breakpoint. Furthermore, the inactive enantiomer of almorexant did not suppress breakpoints or alcohol self-administration in rats, indicating that the effect was specific to antagonism of OX 1 and OX 2 receptors. In the DID paradigm, SB-334867 (30 mg/kg, i.p.) and LSN2424100 (60 mg/kg, i.p.) reduced binge alcohol consumption in male C57BL6/J mice and corresponding BECs; however, this dose also reduced 1 % sucrose consumption. Almorexant (100 mg/kg, i.p.) also reduced binge alcohol consumption and corresponding BECs, without reducing 1 % sucrose consumption [34] .
Also utilizing the DID paradigm, another study examined lower doses of the OX 1 antagonist SB-334867 (5, 10 mg/kg, i.p.) in C57BL/6J mice [29] . A dose-related reduction was observed in the first hour of alcohol consumption, but no reduction was seen 2 h after administration relative to controls. SB-334867 (10 mg/kg, i.p.) did not alter locomotor activity but did reduce binge-like consumption of saccharin [27] . These findings suggest a role for OX in processing the salience of rewards in general in binge paradigms. Furthermore, saccharin is a non-caloric reward, suggesting this effect is not impacted upon by caloric reinforcement. The doses at which SB-334867 blunted alcohol consumption in the study by Olney and colleagues differ from those of Anderson et al. [34] with only the 30 mg/kg dose of SB-334867 having any effect. Central administration of SB-334867 (3 μg/μL, i.c.v.) has also been assessed in the DID paradigm [29] . This dose attenuated alcohol consumption and corresponding BECs but not 0.15 % saccharin or food consumption, suggesting that the discrepancies seen by Olney et al. [27] may be due to procedural differences, peripheral interactions or dosage effects. Indeed, some variability in dose responses and potential negative findings (summarized in Table 1 ) may relate to different formulations of SB-334867, some of which suffer from hydrolytic instability [35] and potential off-target effects [36] .
An alternative selective OX 1 receptor antagonist GSK1059865 was used to examine the effects of OX 1 receptors in alcohol consumption specifically in alcohol-dependent mice. Mice were rendered ethanol dependent by exposure to chronic intermittent alcohol (CIE) in inhalation chambers (16 h/day for 4 days). Alcohol-dependent mice administered with GSK1059865 (10-50 mg/kg, i.p.) showed a dosedependent decrease in alcohol consumption, while airexposed mice only decreased drinking at the highest dose. OX 1 receptor antagonism was specific to the effects of alcohol, with no decreases in sucrose consumption observed [37] . Furthermore, a recent study failed to see an attenuation of alcohol consumption in C57BL/6 mice following SB-334867 administration (3, 10 mg/kg i.p.). However, in the same study, SB-334867 (3 mg/kg i.p.) was sufficient to reduce compulsive-like alcohol responding, in which aversively tasting quinine (100 μM) was added [38] . This provides further evidence that OX receptor antagonism is more effective in rodent models of excessive consumption and high motivation [39] and therefore may provide a useful intervention target for disorders such as addiction, including AUDs, where drug/alcohol motivation is strongly elevated and compulsive-like behaviors are observed.
Overall, the data reported within the previous 3 years complement and extend previous literature reports demonstrating involvement of OX receptors in alcohol consumption and seeking. In the central nervous system, both OX receptor mRNAs are expressed in regions that receive dense OX innervations. OX 1 and OX 2 receptor mRNA expressions show partial overlap but largely distinct and complementary distribution patterns. This, in combination with the knowledge that OX 1 and OX 2 have the potential to signal via different pathways, suggests that each receptor subtype plays different physiological roles [12, 40] . OX 1 receptor antagonists reduced both binge-like alcohol consumption and voluntary homecage consumption. However, no reduction in operant PR responding was observed in female iP rats, suggesting the OX 1 receptor involvement in consummatory behavior but not motivation to seek alcohol. In contrast, OX 2 receptor antagonism reduced binge-like consumption and operant PR responding for alcohol but not voluntary unlimited access alcohol consumption. Thus, OX 2 signaling may be more involved in modulating the motivational circuits underlying alcohol seeking as opposed to directly regulating alcohol reward. However, this is a generalization of a complex behavior and while pharmacological manipulations offer insight into the mechanisms of action, the variability between species, gender and procedure hinder interpretation. For example, although no difference was seen in the breakpoint of PR responding in female iP rats following SB-334867 administration [34] , a lower dose was sufficient to decrease the motivational effects in male iP rats [41] . As with many fields, most studies to date have been carried out in male animals. The study by Anderson et al. [34] is one of few that examine the role of the OX system in alcohol consumption and seeking in female rats [34] . Further studies are required to elucidate whether other gender differences exist specific to alcoholrelated behaviors, as there are known differences with other drugs of abuse following SB-334867 administration [42] . The OX system is implicated in numerous physiological functions, including feeding [9] , motivation [43] , sleep/ wakefulness [44] , female proestrus [45, 46] and male sexual behavior [47] . This creates the possibility of a variety of ontarget side effects following chronic medication. To be effective, the therapeutic targeting of this system must also be selective, avoiding potential off-target effects. In this regard, suvorexant has an excellent safety profile which has enabled FDA approval. Although less potent than other DORAs, suvorexant has a high selectivity for OX receptors over other receptors, ion channels and enzymes [46] . However, some additive negative psychomotor effects were seen in healthy male patients given suvorexant and alcohol in combination [48] , raising some concerns about the sedative effects of OX receptor antagonism.
Little is known about the molecular consequences of repeated administration of OX receptor antagonists. Studies indicate a limited profile of chronic DORA and SORA tolerance [49] . However, repeated SB-334867 administration prior to extinction training led to higher responding in the subsequent cue-induced reinstatement session for cocaine seeking when no SB-334867 was administered [50] . Similar studies are required in the alcohol field. Furthermore, studies suggest that downregulation of the OX system is associated with depressive-like symptoms [51] [52] [53] , raising concerns about the long-term administration of OX receptor antagonists. However, the depressive behavior has not been observed in clinical trials reported to date.
OX Loci-Specific Targeting
Studies discussed in the previous section gave valuable insight into the broad involvement of OX receptors in alcohol-related behaviors. Nevertheless, more recent studies have looked at discrete effects of OX receptor agonism and/or antagonism to ascertain the specific brain regions involved in these behaviors (Fig. 1 ). Mayannavar and colleagues examined the impact of intra-nucleus accumbens (NAc), infusion of OX-A (100 and 250 pmol) on feeding behavior and alcohol consumption in male Wistar albino rats. OX-A infusion into the NAc dosedependently increased both food and 10 % alcohol consumption but not alcohol preference in the two-bottle choice paradigm [54] . This study is in line with previous reports that intraNAc core infusion of the OX 2 receptor antagonist TCS-OX2-29 reduces alcohol self-administration [55] . To elucidate which receptor was involved, SB-334867 (6 ng) was administered intra-NAc. Decreases in 10 % alcohol consumption were observed 1 h post infusion; however, decreases in water and food intake were also observed [56] .
The role of OX in alcohol consumption was also recently examined in the PVT. This region has previously been implicated in alcohol seeking [57] , receives dense OX innervation [14] and expresses OX 1 and OX 2 receptors [58] . Male LongEvans rats underwent an intermittent access two-bottle choice paradigm or oral gavage before examination of Fos expression in the PVT [28] . Both groups showed increased neuronal activation in the anterior PVT (aPVT), suggesting that this sitespecific effect was due to alcohol exposure. Moreover, alcohol consumption positively correlated with OX 2 , but not OX 1 receptor mRNA in the aPVT, but not posterior PVT (pPVT). Additionally, alcohol gavage increased double labeling of Fos with OX 2 but not OX 1 , specifically in the aPVT. Increased alcohol intake was observed following local microinjections of OX-A and OX-B (1 nmol) into the aPVT but not pPVT. Furthermore, TCS-OX2-29 (10 nmol) but not SB-334867 (10 nmol) reduced alcohol consumption. These effects were specific to alcohol consumption, with no alteration in sucrose or food consumption. The authors proposed that the aPVT shows a positive feedback relationship with alcohol drinking, whereby alcohol consumption induces hypothalamic OX to act in the aPVT at OX 2 , stimulating neurons in the aPVT that further perpetuates the alcohol drinking cycle [28] .
Recent literature also provides evidence for the involvement of OX 1 signaling in the ventral tegmental area (VTA) and prelimbic cortex (PL) in cue-induced alcohol seeking [59] . Bilateral infusions of the OX 1 receptor antagonist SB-334867 (3 μg/side) into the VTA and PL attenuated cueinduced reinstatement of alcohol seeking in iP rats. Furthermore, in the PL, no effect was observed in cueinduced sucrose seeking, suggesting the effect seen in this region is specific to alcohol and not natural reward seeking. In addition, Ubaldi et al. (2016) have implicated the PVN and bed nucleus of the stria terminalis (BNST) in OX-mediated cue-induced reinstatement of alcohol seeking [60] . Previous research has shown the ability of neuropeptide S (NPS) to facilitate relapse to alcohol seeking mediated by the OX system [61] . Using intra-hypothalamic NPS injections to facilitate cue-induced reinstatement, the authors targeted specific regions of OX innervation and determined their contribution to cue-induced reinstatement. Microinjections of SB-334867 (5 μg/side) into the PVN and BNST, but not VTA or locus coeruleus (LC) of male Wistar rats attenuated NPS-facilitated (0.25 nmol/side) cue-induced reinstatement of alcohol seeking. Contrary to previous studies, SB-334867 (5 μg) microinjected into the VTA alone did not attenuate cueinduced alcohol seeking in Wistar rats.
Using unilateral injections of a retrograde tracer, the authors showed that the PVN and BNST receive OX innervation. While OX-A afferents to the PVN innervate both ipsilateral and contralateral hemispheres, OX-A projections to the BNST preferentially innervate the contralateral hemisphere. This suggests distinct OX projections are recruited following NPS stimulation and show the involvement of multiple brain regions acting in unison to mediate this behavior. To confirm the involvement of these regions in OX-mediated cue-induced reinstatement of alcohol seeking, the authors microinjected OX-A (3 nmol) intra-BNST or intra-PVN and found an enhancement in alcohol seeking but to a lesser degree than the intra-LH NPS microinjection. This suggests that a more robust cue-induced reinstatement of alcohol seeking is reliant on the activation of both the LH-BNST and LH-PVN pathways [60] .
While comparatively little research has focused on the involvement of OX in stress-induced reinstatement of alcohol seeking, our lab has recently implicated OX 2 signaling within a small pontine brain region, the nucleus incertus (NI). Microinjections of the OX 2 receptor antagonist (TCS-OX2-29, 100 μg/side) but not OX 1 receptor antagonist (SB-334867, 3 μg/side) in the NI attenuated yohimbine-induced reinstatement of alcohol seeking in iP rats. In line with this, electrophysiology showed OX-A (600 nmol) increased NI neuron depolarization, which could be blocked by preincubation with TCS-OX2-29 (10 μM) but not SB-334867 (10 μM) [22] . These results suggest the NI as another locus in the brain in where OX may contribute to relapse to alcohol seeking and is discussed in further detail below.
By targeting specific downstream regions in which OX may be mediating alcohol-seeking behaviors, we can build a broader understanding of the role of OX in reward-related behaviors. Within the last 3 years, research has shown the involvement of several brain regions facilitating OXmediated alcohol behaviors. These include the NAc [56] , PL [59] , PVN, BNST [60] , NI [22] , aPVT [28] and VTA (although variable results observed [59, 60] ). Furthermore, OX-mediated alcohol seeking is not only region specific, but also receptor specific [28, 22] . Although different aspects of alcohol consumption and seeking were examined, the studies discussed give insight into how the OX system orchestrates alcohol-related behaviors. Given the role of the OX system in feeding and consummatory behaviors, future studies are required to determine which loci are involved in specific aspects of alcohol (and other drugs/natural reward) seeking. This may allow for particular elements of addiction (such as relapse) to be targeted via the OX system without affecting both natural feeding and consumption processes and other important functions of the OX system. 
OX and Other Peptide/Neuromodulatory Systems
Apart from OX, a number of neuropeptides in the hypothalamus influence alcohol intake. Research into the way these peptide systems may interact to mediate alcohol-seeking behaviors has gained more traction in recent years. Building on previous work implicating the OX 2 receptor within the aPVT in alcohol consumption [28] , Barson and colleagues examined the interaction between OX and substance P (SP), which is highly expressed in the PVT [62] . The authors found that SP (5 nmol), infused into the aPVT stimulates alcohol consumption in an intermittent two-bottle choice paradigm similar to infusion of OX-A and OX-B (1 nmol). Intra-PVT injection of an NK1R antagonist attenuated alcohol consumption to a similar extent as the OX 2 receptor antagonist. A close relationship exists between SP and OX, whereby local OX injection increased SP mRNA and peptide levels, specifically in the aPVT but not pPVT. Furthermore, OX-induced alcohol drinking was blocked by a local NK1R antagonist administered at a subthreshold dose. This suggests that SP in the aPVT mediates the stimulatory effect of OX on alcohol drinking. As with OX, this effect is site specific, with SP in the pPVT or dorsal third ventricle having no effect on alcohol drinking. Furthermore, it is alcohol specific, with SP in the aPVT reducing the drinking of sucrose and stimulating it in the pPVT. This suggests that natural reward consumption and alcohol-associated reward consumption are in part mediated by different subregions of the PVT. Dopamine is a key neurotransmitter implicated in reward processing, including alcohol consumption [63, 64] . Dopamine D1 and D2 receptors are also expressed in the hypothalamus and activate OX neurons [65] . A recent study examined the role of dopamine D1 and D2 receptors in the PeF/LH on alcohol consumption and neuropeptide expression following voluntary alcohol consumption. The D1 receptor agonist SKF81297 (5.4 nmol or 10.8 nmol/side) bilaterally microinjected into the PeF/LH tended to increase alcohol consumption, while microinjection of the D1 receptor antagonist SCH23390 (15.4 nmol/side) caused a significant reduction in alcohol drinking behavior 1 and 2 h following infusion. Contrastingly, the D2 receptor agonist quinelorane dihydrochloride (6.2 nmol/side) decreased alcohol intake within 2 h, whereas the D2 receptor antagonist sulpiride (23.4 nmol/side) stimulated the consumption of alcohol 1 and 2 h post injection. Water and food consumption were unaffected following microinjections [66] . These results show opposing functions for the dopamine (DA) receptor subtypes in the PF/LH in controlling alcohol intake. The authors also examined the expression of OX and melanin-concentrating hormone (MCH) mRNA in animals receiving vehicle, SKF81297 or quinelorane in the PF/LH. SKF81297 (10.8 nmol/side) increased OX neuron density in the LH by 29 % and 13 % in the PeF, without altering MCH mRNA expression in the LH or ZI. Quinelorane (6.2 nmol/side) led to a 26 % reduction in OX expression specifically in the LH but not in the PeF. Once again MCH mRNA density was unaffected by D2 receptor stimulation, both in the LH or the ZI [66] . These endogenous OX gene expression changes suggest a modulatory role for local OX-expressing neurons in mediating alcohol consumption. However, it is unlikely that this is a direct effect of DA on OX neurons, with little DA receptor mRNA expressed in LH/PFA neurons, and suggests that OX neurons may be trans-synaptically activated [65] .
Another prominent subpopulation of LH neurons expresses MCH, which are distinct from OX neurons. Prasad et al. [67] examined the involvement of OX and MCH on ABA renewal of alcohol seeking. [67] . Long-Evans rats were injected with an antisense morpholino (0.6 nM), which knocked down 50 % of OX protein expression in the LH, without affecting MCH protein expression. At this dose (0.6 nM), no changes in renewal were observed. A higher dose (1.2 nM) achieved a significant reduction in ABA renewal of alcohol seeking. However, while this dose significantly knocked down OX protein expression in the LH (again approx. 50 %), significant knockdown of MCH was also observed. Furthermore, the OX and MCH knockdown was adequate to inhibit reacquisition of alcoholic beer self-administration. This suggests that while the LH plays an important role in reacquisition and renewal of alcohol seeking, OX by itself may not be integral [67] . These findings are interesting, as the same authors have shown the recruitment of OX neurons following ABA renewal of alcohol seeking [21] ; however, these results suggest this recruitment may not be contributing to the behavior. Methodological factors must be taken into account, since only 50 % knockdown was achieved, suggesting that the activity of the remaining OX LH neurons may be sufficient to enable this response. Furthermore, the authors only examined expression of OX and MCH; therefore, similar non-specific knockdown could have affected other hypothalamic peptides implicated in alcohol seeking such as neuropeptide Y (NPY), ENK and GAL.
Another peptide system that has been implicated in alcohol seeking is the relaxin-3/relaxin-like family peptide receptor 3 (RXFP3) system [25, 68] . This peptide is predominantly expressed in the pontine NI, and our lab has recently revealed a role for OX 2 signaling in the NI in mediating stress-induced reinstatement of alcohol seeking [22] . This builds on studies that have shown OX receptor expression in the NI [69] , a direct OX innervation of the NI and OX-induced excitation of relaxin-3 neurons [70] , suggesting critical interplay between these neuropeptide systems. The relaxin-3 system has been implicated in many neuromodulatory roles, including feeding, sleep/wake cycle, anxiety and stress (for review see [71] ), which overlap with known modulatory roles of OX. Previous studies have also shown a role for relaxin-3/ RXFP3 in alcohol self-administration and both cue-and stress-induced reinstatement [25] . With the knowledge that OX signaling is also involved in both alcohol consumption and reinstatement, the relaxin-3 system may be a possible mechanism of downstream modulation. Overall, the relaxin-3 system provides another peptide system with which OX may interact to facilitate alcohol-related behaviors and could provide a useful therapeutic target.
To summarize, recent research has revealed several interactions in the OX and other peptide systems in alcohol consumption/seeking. These include potential upstream regulation of OX signaling by NPS [60] and DA [66] and downstream regulation of OX-mediated drinking via SP [62] and relaxin-3 [22] . The hypothalamic neuropeptides are likely to interact in multiple and complex ways in the process of modulating alcohol drinking. OX receptors are expressed on other hypothalamic neurons, including MCH in the LH, ENK in the PVN and NPY in the arcuate nucleus (ARC) [72, 73] , and may exert its effects via interactions with these and/or other peptide systems (see [74] for review). Of interest is the interaction of OX and dynorphin (DYN). Due to the opposing actions of OX and DYN on motivated behaviors, it is surprising that ∼95 % of all OX neurons express DYN and they are released as cotransmitters under the same physiological conditions [75] . Corelease of OX is able to block the anti-reward effects of DYN via DA neurons, suggesting a dynamic balance between DYN and OX in facilitating reward [75] . The differential receptor distribution of the kappa-opioid receptor (KOR) and OX 1/2 receptors throughout the brain may be a factor that influences downstream signaling and behavior. While OX expression is confined to a small part of the hypothalamus, DYN expression is more promiscuous. For example, not only is DYN colocalized with OX in neurons of the LH [76] , it is also coexpressed with NPY in the ARC [77] . Therefore, the ability of OX to modulate drug-related behaviors might not be due to a reduction in OX signaling but a relative reduction in signaling in comparison to DYN. It would also be of interest to examine the interaction of OX and other hypothalamic peptides implicated in alcohol-related behaviors, such as NPY, MCH and CRF which all show reciprocal interactions [78, 79, 15] .
Conclusions
In summary, over recent years, the OX alcohol field has steadily expanded knowledge of OX neuronal activation and expression, specific action of OX receptors in different aspects of alcohol seeking as well as building on loci-specific actions of OX receptors and interactions with other peptide systems. The recent publication of the crystal structure of the human OX 2 receptor bound to suvorexant [80] will enable a more detailed understanding and importantly more directed design of pharmacological antagonists.
Ultimately, addictive behaviors are the result of cumulative responses to alcohol exposure, the genetic and epigenetic make-up of the individual and environmental factors over time. Understanding how environmental influences, such as adverse life events, moderate genetic risk is essential for the elucidation of mechanisms underlying AUDs. With the recent development of a zebrafish model of alcohol consumption, genetic studies may allow the characterization of single OX gene mutations on alcohol consumption and vulnerability to alcohol abuse [30] . A genome wide methylation study reported significantly increased promoter methylation at the OX gene during alcohol withdrawal [81] , suggesting that epigenetic modifications secondary to alcohol intake, including DNA methylation, are associated with alcohol addiction, craving and withdrawal. Furthermore, the availability of transgenic mouse models including prepro-OX knockout [82] , OX 1 receptor, OX 2 receptor [83] and double null OX 1/2 receptor mutant mice [84] will allow examination of the impact of complete peptide or receptor deletion on AUDs. Indeed, studies examining morphine conditioned place preference (CPP) and sensitization have utilized transgenic mouse models [85] . However, these models lack the OX peptides, receptors or neurons from birth and thus do not replicate the typical onset of AUDs in humans and may develop compensatory mechanisms, reducing their behavioral relevance. Utilizing the OXtTA (tetracycline-controlled transcriptional activator) mice [86] , a conditional OX knockout using diphtheria toxin A (DTA) expressed in OX neurons under the Tet-off system was recently reported [87] . This allows the control of OX neurodegeneration, which may be useful in determining the role of OX in different aspects of alcohol consumption and seeking. Furthermore, the OX-tTA mice can be bred with other lines with the tetracycline operator (TetO) knocked into specific gene promoter regions to induce specific overexpression in OX neurons [86] . The availability of OX-cre transgenic mice may also prove useful to allow specific manipulation of OX neurons with both optogenetic and chemogenetic approaches (see below) [88, 89] . Furthermore, reliable OX receptor reporter mouse lines are valuable in the examination of expression profiles and direct targeting of receptor-bearing neurons [90] .
Other techniques such as optogenetics and chemogenetics (e.g. DREADDs, designer receptors exclusively activated by designer drugs) hold exciting possibilities in determining the behavioral functionality of specific OX neurons/projections. The recent development of a novel DREADD that is based on the Gi-coupled KOR receptor and its pharmacologically inert ligand salvinorin B [91] and its utility in studying brain circuitry involved in motivated behaviors in both mice [91] and rats [92] may provide the novel ability for bi-directional manipulation of OX neurons. Although original muscarinicbased DREADDs have been used to successfully manipulate OX neurons [93, 89] , prior to the development of this KOR DREADD (KORD), the ability to inhibit or activate neuronal activity in the same animal was prevented due to the same ligand clozapine-N-oxide (CNO) activating multiple muscarinic receptor DREADDs. KORDs can be used in combination with the original muscarinic-based DREADDs to permit bi-directional control over specific neural projections. Furthermore, using dual virus manipulations, it is possible to isolate a specific neuronal pathway and determine its role in motivation-related behaviors [94] . Using these and other developing techniques, the ability to precisely modulate the OX system and determine specific roles is possible.
While a great deal is known about the OX system in animal models of alcohol consumption and seeking, the true test will come in human clinical trials. The availability of FDA approved DORA suvorexant and the current phase 2 clinical trial assessing its efficacy in reducing anxiety and cocaine use may spur further trials. Collectively, the wealth of knowledge we have obtained about the neurobiology of the orexin system highlights the therapeutic potential of targeting this neuropeptide to treat AUDs.
